INTRODUCTION
The main component of lipids is triacylglycerol TAG . TAG comprises one glycerol molecule and three fatty acid molecules 1 . As many types of fatty acids exist in nature, the combination patterns of the three fatty acids are almost infinite. The idea taking account of the combination of three fatty acids in TAG is called TAG molecular species . Fats and oils consist of many TAG molecular species and the physical properties of each TAG molecular species are different. The physical properties of TAG molecular species significantly affect their emulsification properties during food processing 2 . Consequently, it is important to develop a method of quantifying the ratio of TAG molecular species in fats and oils for complete characterization. To date, many methods have been developed to quantify TAG molecular species in fats and oils. A gas chromatography-flame ionization detector GC-FID system 3, 4 is employed in the official method for quantifying TAG molecular rated fatty acids. To overcome this disadvantage, a reverse phase-high performance liquid chromatography RP-HPLC method was developed nearly 35 years ago for the separation of TAG molecular species. This separation method introduced the idea named Partition Number PN 6 or Equivalent Carbon Number ECN 7 . This idea has been used for the identification of fats and oils, e.g. assessment of adulteration of extra virgin olive oil 8 .
The PN or ECN is calculated as follows: PN CN 2 DB, where CN is the total number of acyl carbons and DB is the total number of double bonds in the TAG molecule. TAG molecular species elute in the order of the PN or ECN . A silver ion column has also been used for the separation of TAG molecular species and TAG isomers based on the fact that silver ions can interact with the π electrons at double bonds in organic compounds 9 11 . The elution order of TAG molecular species depends on the number of double bonds, and the TAG molecular species with none or fewer double bonds in their structure elute earlier. 17 . Therefore, a transport-flame ionization detector, which can theoretically quantify TAG molecular species, has been used for the detection and quantification of TAG molecular species 18, 19 . However, the use of commercial instruments leads to several problems; therefore, the transport-flame ionization detector is not widely applied. MS has also been used to analyze TAG molecular species 12, 13, 20 22 .
An MS operated in selected-ion-recording or multiple-reaction-monitoring mode has a wide range of linearity that enables highly selective detection of specific TAG molecular species. However, these detection modes give different intensities for each type of TAG molecular species 22 . Although the corona charged aerosol detector CAD has been considered for the quantification of TAG molecular species, the obtained calibration curve is not linear 23 .
Nearly 20 years ago, nano-quantity analyte detectors NQAD , which are also known as condensation nucleation light-scattering detectors, were developed 24 26 . Similar to ELSD and CAD, this detector requires evaporation of the eluent of the column by a nebulizer. Dried analytes formed by the nebulizer are moved to a water-based condensation particle counter WCPC to count the number of particles. The WCPC condenses water vapor onto the particles and increases their size so that they could be detected individually using a laser-based optical sensor. This detection method has a linear response to macrolides 27 , amino acids 28 , aromatic compounds 29 , vitamin E 29 , fatty acids 29 ,
etc. Therefore, we applied HPLC-NQAD to the quantification of TAG molecular species and confirmed the linearity of the calibration curves.
EXPERIMENTAL 2.1 Chemicals and materials
TAG molecular species Fig. 1 such as 1,3-dipalmitoyl-2-oleoylglycerol β-POP $1 , 1-palmitoyl-2-oleoyl-3-stearoyl-rac-glycerol β-POS , 1,3-distearoyl-2-oleoylglycerol β-SOS , and 1,2,3-triundecanoylglycerol C 11 C 11 C 11 and two types of cocoa butters harvested in Indonesia Cocoa Butter Asia and Ghana Cocoa Butter Africa were manufactured or obtained as purified products Tsukishima Foods Industry Co., Ltd., Tokyo, Japan . Other reagents were purchased from Wako Pure Chemical Industries, Ltd.
Osaka, Japan . $1: Two types of alcohol groups, i.e., primary and secondary, are contained in the glycerol backbone of TAG. The primary and secondary alcohol groups are also discriminated by their position, i.e., α and β, respectively. There are two types of TAG molecular species that comprise two types of fatty acids A and B with two A and one B on the glycerol backbone, i.e., TAG with A located at the β position β-AAB and TAG with B locating at the β position β-ABA . The β-in front of three fatty acid abbreviations distinguishes the TAG positional isomers.
Analytical conditions
An HPLC-NQAD system consisting of a pump equipped with an auto sampler Alliance e2695, Waters Corporation, Milford, MA , NQAD NQAD 5600, Shiseido Co., Ltd., Tokyo, Japan , column oven MO-706, GL Sciences Inc. , and C28 column Sunrise C28, 4.6 mm i.d. 250 mm, 5 μm, ChromaNik Technologies Inc., Osaka, Japan , was used for quantification of TAG molecular species. A mixture of 2-propanol and acetonitrile 75:25, v/v was used as the mobile phase for separation of TAG molecular species. The flow rate, injection volume, column temperature, and autosampler temperature were 1.0 mL/min, 20 μL, 40 , and 25 , respectively. The nebulizer and evaporator temperatures are 30 and 90 , respectively, under the detection conditions of the NQAD.
2.3 Preparation of calibration curves for TAG molecular species Calibration curves for β-POP, β-POS, and β-SOS were obtained using the HPLC-NQAD chromatogram peak area. C 11 C 11 C 11 was used as an internal standard IS and the concentration ratio sample TAG/C 11 C 11 C 11 and chromatogram peak area ratio sample TAG/C 11 C 11 C 11 are plotted on the xand y-axes, respectively. β-POP, β-POS, and β-SOS were mixed and dissolved in acetone at concentrations of 500, 250, 100, 50, 10, and 5 ppm. All the sample solutions were also mixed with C 11 C 11 C 11 at a concentration of 100 ppm. The samples were injected into the HPLC-NQAD system and the peak areas were used to prepare the calibration curves. The concentration ratio was plotted on the x-axis and the chromatogram peak area ratio was plotted on the y-axis. All the calibration curves are expressed as the firstorder equation passing through the origin to determine their linearity. The limit of detection LOD and limit of quantification LOQ were evaluated using the β-POP solution and calculated using the signal-to-noise ratio s/n . The LOD and LOQ were 3 and 10 s/n , respectively 30 .
Quanti cation of TAG molecular species in cocoa butter and recovery tests
The TAG molecular species in cocoa butter were quantified using the obtained calibration curves. Correctly quantified C 11 C 11 C 11 was added to the two types of cocoa butter. Each cocoa butter was diluted with acetone and injected into the HPLC-NQAD system. The TAG molecular species in the cocoa butters were calculated using the calibration curves obtained previously $2 . The accuracy of this method was evaluated using a recovery test. The correctly quantified standard compounds i.e., β-POP, β-POS, and β-SOS and C 11 C 11 C 11 were added to the two cocoa butters and diluted with acetone. The cocoa butters with and without additional standard compounds were analyzed via HPLC-NQAD, and the chromatogram peak area was used for quantification. The TAG molecular species were also quantified using the calibration curves. The amounts of TAG molecular species with and without additional standard compounds were calculated, and the calculated and actual amounts were compared. The recovery rate was obtained using the following equation:
Recovery rate calculated additional standard compound amount / actual additional standard compound amount 100 .
$2: The HPLC conditions employed in this study cannot separate TAG positional isomers such as β-POP and 1,2-dipalmitoyl-3-oleoyl-rac-glycerol β-PPO . Consequently, the obtained HPLC chromatogram peaks could reflect a mixture of TAG positional isomers. For this reason, the TAG molecular species in cocoa butter are indicated without the β-symbol; therefore, POP indicates a potential mixture of β-POP and β-PPO. Fig. 1 Structures of TAG molecular species.
RESULTS AND DISCUSSION
The LOD and LOQ of the NQAD were calculated to be 6 and 20 pg, respectively, using the β-POP acetone solution. Gotoh et al. reported that the LOQs of the TAG molecular species in fish oil detected by ELSD were between 476 and 936 pg, which implies that the sensitivity of the NQAD is an order higher than that of ELSD 31 . Figure 2 shows the calibration curves obtained with the IS. The slopes of the calibration curves are expressed as first-order equations passing through the origin; their R 2 values are 0.99. The slopes for β-POP, β-POS, and β-SOS are almost the same. These results are remarkable because this detector is not only highly sensitive but also gives linear calibration curves. In the food industry, the quantification of TAG molecular species in fats and oils is very important. However, HPLC-RI and RI, which are mainly used in the present official methods, are not stable and sensitive detectors. Moreover, ELSD and CAD, which are well-known sensitive detectors, are not suitable for the quantification of TAG molecular species because they do not provide linear calibration curves. These disadvantages create problems for the quantification of TAG molecular species. So far, the linearity of the calibration curves of the NQAD has been confirmed for macrolides, amino acids, aromatic compounds, vitamin E, and fatty acids. Our findings prove that the NQAD also gives linear calibration curves for TAG molecular species. Thus, the use of HPLC-NQAD would eliminate all the disadvantages of the currently used detectors.
Cocoa butter consists of three main TAG molecular species, i.e., β-POS, β-POP, and β-SOS. The structures of these TAG molecular species impart the special characteristics of chocolate melting in our mouth, namely mouth feel. Therefore, the distribution of these TAG molecular species in cocoa butter has been well examined and it is thought to be a good target oil to confirm the accuracy of the results obtained by HPLC-NQAD. The chromatogram of TAG molecular species in Cocoa Butter Asia is shown in Fig. 3 recovery rate data not shown . Further investigations are required to improve the accuracy of the quantification of TAG molecular species in natural fats and oils.
CONCLUSION
HPLC-NQAD, which is a very simple method, can be successfully applied for the quantification of TAG molecular species in natural fats and oils. This method can be used as a sensitive alternative to HPLC-RI, which is mainly employed in official methods such as JOCS official method 2.4.6.2-2013 15 . We strongly believe that the HPLC-NQAD system will be applied for the quantification of TAG molecular species. Fig. 3 Chromatogram of TAG molecular species in Cocoa Butter Asia. (n = 3, mean SD)
